ABSTRACT. The aim of this study was to determine the effectiveness and safety of transplantation of olfactory ensheathing cells for functional repair of the spinal cord. An olfactory bulb was obtained from a 4-to 5-month-old aborted fetus, and it was digested into single olfactory ensheathing cells and then cultured and purified for 1 to 2 weeks. Under general anesthesia, these single-cell suspensions of olfactory ensheathing cells were injected into the corresponding spinal injury site with 0.45-mm-diameter injections. The American Spinal Injury Association (ASIA) Impairment Scale was used to evaluate spinal function. A total of 15 patients (12 men, 3 women; age range, 18-56 years; mean age, 40) were admitted for obsolete spinal injuries. Spinal functions of the 15 patients were observed and followed postoperatively for a period ranging from 2 weeks to 1 month. All the 15 patients exhibited improvements in spinal function, and the improvement tendencies continued. Twelve patients had obvious spinal function improvement, and three had slight improvement according to the ASIA scale, with an 4125 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (2): 4124-4129 (2014) Olfactory ensheathing cell and spinal cord injury obvious difference between preoperation and postoperation measures (P < 0.05). No fevers, infections, functional deteriorations, or deaths were seen. Thus, transplantation of olfactory ensheathing cells promoted spinal and neurofunctional recovery in patients with malignant spinal injuries, and this therapeutic method was safe.
INTRODUCTION
Spinal cord injuries, both primary mechanical and secondary spinal cord injuries, are severe complications of spinal injuries resulted from the vascular and biochemical reactions occurring after spinal injuries. Nerve cells in the injured segment exhibit necrosis and apoptosis (Emery et al., 1998; Wada et al., 1999) . The necrotic and degenerated tissues are removed by phagocytes and replaced by neuroglial cells, leading to the formation of cystic, melanotic, and colloidal lesions at the injured site within 6 weeks after the injury (Wozniewicz et al., 1983; Kinoshita, 1994) . Then, the physical separation and neural demyelination interrupt the physiological signal transduction pathway, which is marked clinically by a partial or total loss of sensory, motor, urine, and stool function. Because injured central nerve axons cannot be naturally regenerated (Runyan and Phelps, 2009) , functional reconstruction after spinal cord injury has long been a challenging clinical problem.
Basic research in recent years has shown that olfactory ensheathing cell (OEC) transplantation can promote spinal cord functional recovery by changing the pathological process of spinal cord injury. Their wide migration enables post-transplantation OECs to directly occupy the injured site, where they induce axonal extension and control the specific targets of synapses for bridging (Li et al., 1998; Perez-Bouza et al., 1998; Santos-Silva et al., 2007) . In addition, OECs directly participate in axonal myelination (Franklin et al., 1996) , and they secrete a large number of the factors that are necessary for the growth, development, differentiation, and maturation of different types of neurons and inhibit detrimental factors (Woodhall et al., 2001) . OECs provide the necessary conditions for axon or neuron regeneration, facilitating replacement of degenerated neurons or formation of new neurocircuits (Radtke et al., 2009 ). Thus, they play positive roles in spinal cord regeneration and functional recovery.
OECs, which originate from the mammalian olfactory system, are a type of neuroglial cells that has special functions; they have the dual nature of astroglial cells and Schwann cells (Li et al., 1998; Lu et al., 2001; Keyvan-Fouladi et al., 2003) . In recent years, OECs have gradually shown their therapeutic potential in the treatment of spinal cord injuries and thus have become the hot topic of studies on nerve regeneration and repair. Application of OEC transplantation in the treatment of spinal cord injury has yielded some satisfactory results, and it has been considered one of the most promising treatment methods for spinal cord injury (Ramon-Cueto and Avila, 1998; Ramon-Cueto et al., 2000; Hayat et al., 2003) . However, many researchers remain skeptical of its curative effects and safety (Dobkin et al., 2006; Steeves et al., 2007) .
In order to investigate the effectiveness and safety of OEC transplantation for treatment of spinal cord injuries, we evaluated spinal nerve function in 15 patients with old remote spinal cord injuries who had received OEC transplantation voluntarily. 
SUBJECTS AND METHODS

Cell culture
An olfactory bulb was separated from a voluntarily donated human-induced embryo with a 4-5-month gestational age. The bulb was washed, membrane-stripped, cut up, and then washed again under a microscope. The sample obtained was centrifuged, and the supernatant was discarded. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)/F12 medium containing 10% fetal bovine serum for 2-3 days and then in DMEM OEC-purifying medium for 1-2 weeks. The cells grew well, without any contamination. They were digested, and a monoplast suspension with a concentration of 2 x 10 7 cells/mL was then made.
Subjects
A total of 15 patients with spinal cord injuries who had received OEC transplantation at the Luoyang Orthopedic-Traumatological Hospital between January and December in 2008 were examined. These patients included 12 men and 3 women, with ages ranging from 18 to 56 years. Their clinical courses ranged from 6 months to 4 years. All the patients had had acute compressive damage caused by their traumatic spinal cord injury. Of the spinal cord injuries, six were located in the cervical segment, two were located in the thoracic segment, and seven were located in the lumbar segment. All the patients had undergone spinal cord decompression and internal fixation after the injury, which was followed by treatment with neurotrophic or nerve growth factors and acupuncture as well as rehabilitation training. All the patients had stable nerve function without compressive lesions at the injured site.
Surgical indications
Indications for OEC transplantation included a postinjury time of more than 6 months with stable nerve function for more than 3 months, no compressive lesion at the injured spinal cord site, and no transverse anatomic rupture of the spinal cord.
Surgical procedures and cell transplantation
The surgical procedures were performed under general anesthesia. The patient was placed in a prone position, and a median incision was made. The internal fixers were removed for patients with internal fixers and healed fracture. The upper and lower ends of the injured spinal cord were exposed under the microscope in order to determine the injured region. In order to perform cell transplantation in the injured region, the multi-target point method was adopted. The target points were selected according to the injury (usually at the normal spinal cord around the injured region), and their number was determined depending on the area of the injured region. Approximately 1.0 x 10 6 cells were injected at each target point (the suspension was 50 µL/unit at 2.0 x 10 4 cells/µL), and 2-5 target points were normally selected. Postoperative hemostasis and anti-infection treatment were performed.
Nerve functional evaluation
All the patients were followed up for 2-8 weeks after the OEC transplantation. The curative effects were determined by comparing the pre-and post-operative scores, which were based on the American Spinal Injury Association (ASIA) Impairment Scale and injured spinal cord functional rating scale of Xishan Hospital (Chekhonin et al., 2008) . The ASIA Impairment Scale score was based on the following: 1) sensory function: Pinprick and touch sensations were tested at each dermatomic key point (28 points on each side of the body), and a 0-3 grade was then assigned (0 = no sensation, during which blunt and sharp stimulations could not be differentiated; 1 = sensory disorders; and 2 = normal sensations); the pinprick and touch grades on each side were summed up to get a total sensory grade, which was used to indicate a possible change in sensory function; 2) motor function: Ten key muscles on each side of the body were tested from top to bottom, and a 0-5 grade was then assigned according to strength; the grades on each side were summed up to get a total motor grade, which was used to indicate a possible change in motor function; and 3) the anal sphincter was tested with finger testing. Sensory function was classified into presence and absence, and any sensation in the saddle area indicated an incomplete spinal cord injury. The injured spinal cord functional rating scale consisted of nine categories that were further composed of 16 items. For each item, a four-point system was used, in which a score of 3 meant normal and 0 meant the poorest, with 1 and 2 in between. A total score of 48 (the full score) was considered normal, while scores of 48-35, 34-18, and 17-0 were indicative of slightly, moderately, and severely injured spinal cord, respectively. The scores on this rating scale were used to evaluate whether there was improvement in the patient's urine and stool, muscle tonus, sweating, and skin nutrition.
RESULTS
Spinal cord functional recovery
All patients were scored according to the ASIA Impairment Scale and the injured spinal cord functional rating scale of Xishan Hospital 2-8 weeks after OEC transplantation. These scores were then compared with those before the operation. According to the ASIA scores, all patients showed improvements in their spinal cord function after OEC transplantation, with 12 exhibiting significant improvement and three exhibiting slight improvement. The mean ASIA score after OEC transplantation was 16.53 points higher than that before the operation, which was a significant difference (P < 0.05). The scores for the injured spinal cord functional rating scale showed that the mean score after OEC transplantation was higher than that before the operation by 4.42 points, which was a significant difference (P < 0.05). The results are shown in Table 1 
Complications
None of the patients exhibited postoperative complications, such as long-term fever, spinal cord infection, or functional deterioration. No operation-related deaths occurred.
DISCUSSION
OECs perform the functions of inducing olfactory axonal extension and controlling the specific in vivo targets of synapses, and these functions are closely correlated with the growth-promoting role of OECs (Wei et al., 2008) . OEC membranes express various cellular coherence-and axon growth-related molecules, including FNL1 (fibronectin-like 1), tenascin, laminin, and NCAM (neural cell adhesion molecule). In addition, OECs can secrete many types of nutrition factors, such as nerve growth factor, neurotrophic cytokines, and brain-derived neurotrophic factor; these factors promote the development, differentiation, and survival of neurons. Thus, OECs provide a good internal environment for injured nerve repair, nerve regeneration, and functional recovery (Shyu et al., 2008) .
Previous studies have examined effects of OECs transplantation in animal models of local corticospinal lesions, spinal cord transections, and spinal cord contusions and lacerations. OECs transplanted into the injured region of adult rats integrate with host nerve solid tissues to help the regenerated nerve axons penetrate through barriers, such as myelin sheaths and gelatinous tissues; these transplanted OECs then migrate to the specific target region along with axons . With regard to neural demyelination, OECs aid myelination of nerves and increase the neural electrophysiology transduction velocity. Thus, OECs play positive roles in nerve repair (neural myelination and nerve regeneration) and spinal cord functional recovery in animal models (Raisman, 2007) .
In the present study, the 15 patients with spinal cord injuries who underwent OEC transplantation exhibited different degrees of improvement in spinal cord function. The patients selected in this study had had a primary spinal cord injury for more than half a year and did not show the presence of other compressive factors. Among our patients, the shortest and longest injury time was 6 months and 4 years, respectively; most of the patients had an injury time of over 1.5 years. All the patients had had stable nerve function for more than 3 months. Thus, the possibility that the improvement observed after OEC transplantation was a result of self-recovery could be excluded. Moreover, all the patients had received standard treatments, including surgical decompression and/or neurotrophic drug administration, as well as rehabilitation training, but they did not exhibit positive improvements. Thus, the improvement after OEC transplantation cannot be attributed to spinal cord decompression or rehabilitation training. Interestingly, our study indicated that injured spinal cords, even at late stages of spinal cord contusion and laceration, still have the capacity for nerve repair, regeneration, and functional recovery. This may bring about a gleam of hope for patients at late stages of spinal cord injuries.
In conclusion, OEC transplantation is a safe and feasible surgical procedure for aiding recovery of spinal nerve function in patients with spinal cord injuries.
